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The ability to systematically disrupt genes serves as a powerful tool for understanding their function.
The programmable CRISPR–Cas9 system enables efﬁcient targeting of large numbers of genes through
the use of single guide RNA (sgRNA) libraries. In cultured mammalian cells, collections of knockout
mutants can be readily generated by means of transduction of Cas9–sgRNA lentiviral pools, screened
for a phenotype of interest, and counted using high-throughput DNA sequencing. This technique
represents the ﬁrst general method for undertaking systematic loss-of-function genetic screens in
mammalian cells. Here, we introduce the methodology and rationale for conducting CRISPR-based
screens, focusing on distinguishing positive and negative selection strategies.

INTRODUCTION

The molecular underpinnings of many fundamental cellular pathways have been deciphered through
unbiased genetic screens in microorganisms. However, similar studies in human cells have been
hampered by a lack of suitable tools for manipulating their large, diploid genomes, and this has
limited our understanding of the genes and biological processes unique to mammals. Recently, the
bacterial CRISPR–Cas9 adaptive immune system has been co-opted to enable efﬁcient, sequencespeciﬁc DNA cleavage in cultured cells and whole organisms, greatly expanding the toolbox for
mammalian geneticists (Cong et al. 2013; Mali et al. 2013; Wang et al. 2013). In contrast to previous
genome-editing techniques, targeting reagents for the CRISPR–Cas9 system can be rapidly generated
as the target speciﬁcity is dictated by a short 20-bp sequence at the 5′ end of the sgRNA. This ease of
construction allows the generation of large-scale libraries targeting all (or a desired subset) of the
protein-coding genes encoded in a mammalian genome by using microarray-based oligonucleotide
synthesis. Using this approach, we and others have developed a general method for performing
systematic loss-of-function genetic screens in mammalian cells (Shalem et al. 2014; Wang et al. 2014).
Below, we summarize the steps required to carry out a CRISPR-based screen. Additional considerations relating to the design of screens and validation of hits will not be discussed at length here. For
these topics, we refer the reader to articles published elsewhere (Moffat and Sabatini 2006; Boutros and
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Ahringer 2008; Kaelin 2012). In associated protocols, we present details for designing and preparing
sgRNA libraries suitable for genetic screening (see Protocol: Single Guide RNA Library Design and
Construction [Wang et al. 2016a]) and then give a detailed method for their use in lentiviral packaging, followed by infecting and screening of a cell line of interest, together with recommendations for
data-analysis options (see Protocol: Viral Packaging and Cell Culture for CRISPR-Based Screens
[Wang et al. 2016b]).

SCREEN PRINCIPLE

The bacterial CRISPR–Cas9 system has been co-opted for mammalian genome editing, allowing for
the rapid generation of isogenic cell lines and mice with modiﬁed alleles. By using pooled libraries
expressing tens of thousands of sgRNAs, the scale of this technology can be greatly expanded, enabling
loss-of-function genetic screening of all protein-coding genes in mammalian cells. In this method,
sgRNA expression constructs are generated by array-based oligonucleotide library synthesis and
packaged into lentiviral particles (Fig. 1). Target cells of interest can then be transduced with the
lentiviral sgRNA pools to generate a collection of knockout mutants through Cas9-mediated genomic
cleavage. Finally, through high-throughput sequencing of the integrated expression cassettes, the
number of cells bearing each sgRNA in the mutant collection can be monitored over time to pinpoint
the mutants of interest.

POSITIVE SELECTION SCREENS

Pooled screens can be divided into two classes, positive selection and negative selection, which can
often reveal complementary biological information (Fig. 2). In positive selection screens, disruption of
the genes of interest confers a selective advantage on cells, allowing them to rise to high frequency. As a
result, gene candidates can be readily identiﬁed.
Some biological processes, such as drug resistance or anchorage-independent growth, are ideally
suited for positive selection screening as they are intrinsically linked to cellular proliferation and
survival. For studying other processes, additional selection strategies can be devised. For example,
cells can be engineered to express a selectable marker in a pathway-activity-dependent manner or
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FIGURE 1. Schematic of sgRNA library construction and
genetic screening strategy. Illustrated is a summary of the
steps required to generate sgRNA expression constructs by
array-based oligonucleotide library synthesis that are subsequently packaged into lentiviral particles. The initial population of target cells is transduced with the lentiviral sgRNA pool
to generate a collection of knockout mutants by Cas9-mediated genomic cleavage. Finally, high-throughput sequencing
enables comparison of the integrated expression cassettes,
and the number of cells bearing each sgRNA in the mutant
collection can be monitored over time in treated versus untreated cells.
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FIGURE 2. Positive and negative selection screens. The
mutants of interest (outlined in red) rise to high frequency
in positive selection screens but are underrepresented in
negative selection screens, and consequently require
more-precise methods for their detection.

isolated in screens using ﬂuorescence-activated cell sorting (Duncan et al. 2012; Lee et al. 2013).
Together, these approaches can greatly broaden the diversity of phenotypes amenable for screening.

NEGATIVE SELECTION SCREENS

Negative selection screens seek to identify genes whose inactivation is detrimental to cells. Such genes
can be recognized by a decrease in the abundance of corresponding sgRNAs during the course of a
screen. Although conceptually simple, identifying such sgRNAs poses a signiﬁcant technical challenge
for pooled CRISPR-based screens. First, negative selection screens require potent sgRNAs, because
depletion of an sgRNA can only be observed if the gene target is cleaved and inactivated in a large
proportion of the cells carrying the sgRNA. Additionally, during the infection of the library, it is
necessary to introduce each sgRNA into a large number (~1000) of target cells. This high level of
representation of the library in the initial cell population ensures that a “drop-out” of cells carrying a
deleterious sgRNA can be reliably distinguished from random changes in abundance resulting from
sampling ﬂuctuations. For genome-wide screens, particularly in primary cells or in vivo, it can be
impractical or impossible to infect and culture cells at the required scale. In these cases, secondary
screens using a sublibrary of sgRNAs targeting candidate genes can serve as a powerful tool
for validation.
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